Water retention in soil is used in many agronomic and environmental applications, but its direct measurement is timeconsuming and expensive. Therefore, pedotransfer functions (PTFs) are alternatives to obtain this information faster and more economically. The objectives of this study were to generate and validate PTFs to estimate the water content at potentials of -33 kPa (field capacity) and -1500 kPa (permanent wilting point) for different soil classes from the central-south portion of Rio Grande do Sul State. The physical and chemical analyses database from soil surveys of the Celulose Riograndense Corp were used. The database is composed of particle size distribution (coarse and fine sand, silt and clay), soil organic matter, and water content data at the above mentioned potentials, besides other information concerning the behavior of the soil classes at field conditions. Firstly, the data were stratified by soil classes and depths, and then 70% of the data were separated for PTF generation and 30% for validation. PTFs were generated for each specific soil class and also general PTFs which were not stratified by soil class, by means of stepwise multiple regression. In most situations, PTFs for a specific soil class showed a better fit than the general PTFs. Proper adjustment of the data showed that the water retention values at potentials of -33 kPa and -1500 kPa can be estimated for the soils from the central-south portion of Rio Grande do Sul State that do not have such analyses through the use of PTFs.
INTRODUCTION
Water retention by soils is used in projects involving water availability for plants, such as irrigation and drainage projects, hydric stress, movement of solutes in the soil etc. (OLIVEIRA et al., 2002 , MICHELON et al., 2010 NEBEL et al., 2010) . However, its direct measurement demands much time and money (TOMASELLA et al., 2000; SANTRA; DAS, 2008; TWARAKAVI et al., 2009) ; and it is many times made unfeasible by practical or financial restrictions (SCHAAP et al., 2001) . Furthermore, laboratory problems, delays and inaccuracy can often occur (OLIVEIRA et al., 2002) . To overcome those difficulties, great efforts have been employed to determine pedotransfer functions (PTFs) for water retention estimative in soils.
Examples of PTFs can be seen in: Balland et al. (2008) who proposed equations to estimate the water retention and the hydraulic conductivity from the particle size distribution and organic matter of the soil for a wide variety of soils in Canada; Khodaverdiloo et al. (2011) who generated PTFs to estimate the water retention in the soil at various potentials for soils derived from limestone in Iran; and Tomasella et al. (2000) who used various soil survey data in Brazil to generate PTFs to predict the water retention parameters of the van Genuchten equation and to estimate the water retention; among other works as in Oliveira et al. (2002) , and Piedallu et al. (2011) . Michelon et al. (2010) generated PTFs for the RS State, however they utilized data from undisturbed samples. Here, as in the great majority of the soil surveys (base for this research), the data concerning water retention came from disturbed samples. This aspect and the fact that the entries of data of generated PTFs are different from the ones generated here do not allow comparison of models. Also there is need to develop PTFs using simpler and cheaper data entry (DASHTAKI et al., 2010) as performed in this work.
The term PTF was coined in 1987 by Bouma and Lanen (STUMPP et al., 2009) and it described functions that related easily measurable soil attributes, such as particle size distribution and organic matter, to the soil hydraulic characteristics (BOUMA; LANEN, 1987) . In other words, PTFs, or simply pedofunctions, are mathematical models that allow transforming basic soil information, available for instance in soil survey reports, into other information more difficult to obtain and of higher cost (MICHELON et al., 2010) . It is noted, though, that with the intention of reducing the prediction errors of the estimated attribute, a specific PTF should not be extrapolated beyond the region and soil class for which it was developed (DASHTAKI et al., 2010; NEMES et al., 2009) . This is because the more homogeneous the soils that compose the PTF database, the better their performance will be (DASHTAKI et al., 2010) . It is important to mention that the effect of soil mineralogy can sometimes overlap the effect of the soil class in this context. Based on the above, the objectives of this work were to generate and to validate PTFs to estimate the water content at the potentials of -33 kPa and -1500 kPa (concepts somewhat limited but still useful) for different soil classes in the central-south portion of the State of Rio Grande do Sul.
MATERIAL AND METHODS
The study areas belong to CMPC Celulose Riograndense Corp. They are located between 29º57' and 31º3' S latitude, and 54º49' and 51º38' W longitude, in the center-south portion of Rio Figure 1 ).
PTFs were developed from the database of semidetailed soil surveys (scale: 1:25,000) of 111 forest plantations ( Figure 1 ), and the detailed soil surveys of two small watersheds (scale: 1:10,000), making up a total of approximately 54,600 ha, with about 800 field observations, soil descriptions, and direct measurements. The database is composed of the physical and chemical results of the collected samples, according to Embrapa (1997) for the 0-20 and 40-70 cm depths. The soil classifications were conducted according to Embrapa (2006) .
The water retention at the potentials of -33 and -1500 kPa was obtained through sample equilibrium at those potentials in a suction unit and in a Richards chamber, respectively, calculating the soil moisture after having obtained the dry weight in an oven at 105º C (EMBRAPA, 1997). The water content was estimated at potentials of -33 kPa and -1500 kPa, which correspond, respectively, to the water content at field capacity (FC), considered the upper limit of the range of water availability to plants, and the permanent wilting point (PWP), considered the lower limit of water availability to plants (EMBRAPA, 1995) .
In this work it were utilized disturbed samples considering that in the great majority of soil surveys (base for this research) the water retention parameters are obtained in this way, taking into account time and cost saving (BELL; VAN KEULEN, 1995 ) . Beyond that, Oliveira et al. (2002) found adequate PTFs adjustments utilizing disturbed soil samples.
Initially, the data were stratified according to the predominant soil classes at the second categorical level Ciênc. agrotec., Lavras, v. 37, n. 1, p. 49-60, jan./fev., 2013 (Ta bl e 1). I t ca n be obser ved t h a t t h e seven predominant soil classes (Red Argisol-PV, Haplic Cambisol-CX, Red-Yellow Argisol-PVA, Yellow Argisol-PA, Regolithic Neosol-RR, Litholic Neosol-RL, and Haplic Planosol-SX) occupy about 90% of the total area, which correspond to the following soil classes in the USA Soil Taxonomy (Soil Survey Staff, 1999) : Udalf, Udept, Udalf, Udalf, Orthent, Orthent, and Aqualf. At this second categorical level, the Brazilian Soil Cl assi fication System i s m ore specifi c for our conditions. Those classes were selected for the preparation of PTFs due to the high geographical expression and number of sampled points.
Afterwards, in order to homogenize the data, they were separated into two groups according to the sampling depth (0 to 20 and 40 to 70 cm). In each combination of soil class and depth, 70% of the data were randomly separated to generate PTFs and the remaining (30%) were set aside to validate the generated PTFs. The data were submitted to multiple regression in the R programming language, through the stepwise package, since that method selects only the independent variables that decisively influence the dependent variable of the study (TAVARES FILHO et al., 2012) . This methodology utilizes the highest AIC (Akaike Information Criterion) for the choice of the independent variables (AKAIKE, 1974) . The independent variables used to generate PTFs were coarse sand, fine sand, clay, and soil organic matter.
PTFs were also generated without stratifying by soil classes for the depths from 0 to 20 and 40 to 70 cm, here denominated as general PTFs, in order to verify the efficiency of the separation of the data by soil classes, and also for users of PTFs where the soil class is not available.
The performance of the PTFs was evaluated through statistical indicators: the coefficient of determination (R²), the mean error (ME), the root mean square error (RMSE), and graphically by the 1:1 ratio of the estimated data versus the observed. The ME and RMSE were obtained through the following equations (1 and 2): The ME is an indicator of the accuracy of the estimative that reveals the tendency of PTF to overestimate (positive values) or to underestimate (negative values), while RMSE quantifies the dispersion of the measured data in relation to the estimated data. Based on the results of the statistical indicators, general and specific PTFs were compared ranking them according to the lowest absolute value of the ME, RMSE and the highest R². PTFs that presented any two of the three appraised indexes as best (low ME, low RMSE, or high R²) were considered as those of best performance (CORNELLIS et al., 2001) . For specific PTFs with statistical indexes equal to the general PTFs, the PTF with the lowest ME was considered the best performer. The 1:1 ratio graphics were utilized for verifying the agreement between measured and estimated data.
The values of organic matter, particle size distribution, and soil moisture are presented in dag kg -1 , which is numerically equal to weight percentage, to facilitate comparisons and reduce the conservative effect of the ME and RMSE statistical indicators for low degrees of moisture (OLIVEIRA et al., 2002) . Such modification does not alter the accuracy of the PTFs.
RESULTS AND DISCUSSION
Organic matter, physical properties and water retention Table 2 presents the minimum, maximum, and mean values of the database samples for each soil class used to generate and validate specific PTFs at the 0 to 20 and 40 to 70 cm depths. It can be seen that the samples used to generate PTFs present a distribution similar to that of samples employed to validate PTFs.
There is a wide range in the data, which is favorable and essential for the generation of PTFs (GIAROLA et al., 2002; PACHEPSKY; RAWLS, 1999) , and it reflects the different parent materials and soil formation processes of the database. This amplitude of database favors to obtain functions for the whole data and does not imply on functions accuracy. Table 2 shows that the soil moisture values, at the potential -1500 kPa (PWP) as well as at -33 kPa (FC), are higher at the 40 to 70 cm depth. That is associated to the higher clay content at that depth, mainly due to the significant occurrence of soils with a textural B horizon (PV, PVA and PA) and a planic B (SX). The clay increases the specific area of the soil matrix and as a consequence, favors the water adsorption and retention processes (REICHERT, et al., 2009 ).
(1)
(2) Table1 -The complete database of soil classes with their respective geographic distribution. Ciênc. agrotec., Lavras, v. 37, n. 1, p. 49-60, jan./fev., 2013 Ciênc. agrotec., Lavras, v. 37, n. 1, p. 49-60, jan./fev., 2013 Table 3 shows PTFs for all samples at the -33 kPa and -1500 kPa potentials, with their respective R². For the RL soil, the data were insufficient to generate PTFs at the depth above 40 cm as this is, by definition, soil shallower than 50 cm (EMBRAPA, 2006) .
Generation and validation of specific pedotransfer functions
Stratifying the soil class data generated PTFs with R² very close or above that of the general PTFs, except for RL and RR, which presented much lower coefficients of determination at the 0 to 20 and 40 to 70 cm depths and at the potentials of -1500 kPa (0.29 and 0.45, respectively) compared to general PTFs (0.56 and 0.61, respectively). Possibly, that occurred because RL, as well as RR, are very poorly developed soils (by definition they do not have a B horizon), tending to present a wide variation in their mineralogy (EMBRAPA, 2003; OLIVEIRA et al., 2002; REICHERT et al., 2009) . It can be observed that at the 0-20 cm depth and -1500 kPa matric potential, the RR presents a R² value of 0.69, probably reflecting the relatively higher weathering degree of this layer, decreasing the mineralogical variability. A similar trend was verified by Oliveira et al. (2002) , who generated PTFs for soils with different degr ees of pedogenetic Where: SOM -soil organic matter (dag kg -1 ); CS -coarse sand (dag kg -1 ); FS -fine sand (dag kg -1 ); CLY -clay (dag kg -1 ); Û -Estimated moisture (dag kg -1 ); PV -Red Argisol; CX -Haplic Cambisol; PVA -Red-Yellow Argisol; PA -Yellow Argisol; RR -Regolithic Neosol; RL -Litholic Neosol; SX -Haplic Planosol. 2, 3 , and 4 present the ME, RMSE, and the graphs of the 1:1 ratios of the specific PTF results for each soil class and of the general PTFs for each depth. The general MEs, for the potential of -33 kPa at the depths from 0 to 20 and 40 to 70 cm, were 0.08 and 0.06 dag kg -1 , and for the -1500 kPa potential, were -1.08 and -0.07 dag kg -1 , respectively, showing the trend of the general PTFs to overestimate the moisture value for the -33 kPa potential and underestimate it for the potential of -1500 kPa. That same behavior was also verified in the works of Nebel et al. (2010) , Reichert et al. (2009), and Tomasella et al. (2000) .
The values were underestimated mainly in the very poorly developed soils (RL and RR), and poorly developed soil (CX) at the potential of -1500 kPa and using general PTFs. When stratified by soil classes, specific PTFs of those soils had a reduced absolute ME value (Figure 2) . Such behavior indicates the need for generation of more specific PTFs for such soils. That is confirmed in figure 3 , where for all of the situations, the RMSEs of RR, RL and CX specific PTFs were considerably lower compared with general PTFs.
For practically all soils, PTFs presented lower RMSEs when separated into soil classes. When that did Ciênc. agrotec., Lavras, v. 37, n. 1, p. 49-60, jan./fev., 2013 not occur, the RMSE values were very close (Figure 3) , as in PVA at the potential of -33 kPa at the 0 to 20 cm depth, PA at the potential of -1500 kPa at the depth from 0 to 20 cm and in the two appraised potentials for the 40 to 70 cm depth, and SX at the potential of -1500 kPa at the 40 to 70 cm depth. However, in figure 4, it can be seen that the results between the estimated and observed data in those soils presented very similar results to those of both PTFs (general and specific).
According to the ranking among specific and general PTFs, at the potential of -33 kPa at the 0 to 20 cm depth, only the CX and PVA soils presented better results with general PTFs. Nevertheless, under such conditions, the performance between specific and general PTFs was similar, that can be confirmed by the behavior of the observed and estimated data for those soils in figure 4 .
Out of the 26 analyzed conditions (2 potentials x 7 soil classes-depth from 0 to 20 cm + 2 potentials x 6 soil classes-depth from 40 to 70 cm), specific PTFs were shown less efficient in only four conditions, but with results very close to general PTFs, indicating that the stratifying of the data by soil classes presented better result i n most of th e cases, beca use th e more homogeneous the soils that compose the database for the generation of the PTFs, the better the data estimative, as also observed by Piedallu et al. (2011); Poggio et al. (2010) and Santra and Das (2008) . 
